This paper presents a multiobjective optimisation design approach to improve the performance of the ALSTOM Benchmark Challenge baseline controller. As the gasifier process is complex and non-linear, with a high degree of cross coupling of the variables, manual tuning of the controllers is difficult.
Introduction
The purpose of this report is to describe work carried out on the ALSTOM Benchmark Challenge on gasifier control. The solution presented here is based on the multiobjective optimisation of PI (Proportional and Integral) controller and P (Proportional) controller parameters (see [1, 2] for other applications of this strategy). The gasifier can be considered as a reactor where coal is gasified using air and steam.
Further details of the gasification process can be found in [3] . The gasifier benchmark problem control system specification, giving the requirements for the challenge can be found in [4] . The paper gives details showing how the performance of the ALSTOM baseline controller was improved, to meet the requirements of the challenge at 100%, 50% and 0% loads, by re-tuning the controller parameters using a multiobjective optimisation strategy. Results of the performance tests are given using this new optimised controller. Further work shows how the same strategy can be used to tune extra proportional controllers which when added to the baseline controller, reduce the amplitude of the sine-wave pressure disturbance (PSINK).
Optimisation of the ALSTOM Baseline Controller Parameters
As part of the challenge [4] , ALSTOM provide a baseline controller to compare your results against. This is a multiloop controller consisting of three PI controllers and a Proportional + Feedforward Controller. The PI Controllers consist of an internal reset feedback mechanism (to counteract integral windup), the s-domain representation of which is:
The input-output structure for the ALSTOM Baseline Controller is shown in Table 1 where "0" denotes no connection (see [3, 4] for the gasifier notation). CVGAS is controlled by WAIR using a PI controller. MASS is controlled by WCOL using a P controller and WCHR (Feedforward control). PGAS is controlled by WSTM using a PI controller. TGAS is controlled by WCHR using a PI controller. The other input, WLS is set to one tenth of WCOL. This structure of the baseline controller is the same as Scheme 4 from [5] .
The controller fulfils all of the control specifications at 100% and 50% load. The constraints are not met at 0% load on the pressure output with a sine-wave pressure disturbance. This result is shown in Figure 1 (The control inputs and rate limits are not shown as they fulfil the benchmark criteria). This controller structure has been examined from a process engineering view point and found to give good results for the linear model of the gasifier [5] . In addition, as ALSTOM are using it for the baseline controller, the initial task of improving the controller performance will focus on re-tuning the controller parameters, rather than changing the controller structure. Further work will be done (see Section 4), adding more proportional controllers to the baseline controller structure, this will improve the performance by reducing the sine-wave pressure disturbance fluctuation. 
Multiobjective Optimal Controller Tuning
A controller will be designed which will fulfil all of the requirements for the ALSTOM Benchmark Challenge [4] . Using the requirements of the challenge, with the output and control limits as performance criteria. The objective functions used for the optimisation are: 
If the above criteria are satisfied the control system specification will be met, so the problem is to find controller parameters to fulfil Equation (5). The challenge, like a majority of engineering design problems is multiobjective, in that there are several conflicting design objectives, which need to be simultaneously achieved. If these design objectives are expressed quantitatively as a set of n design objective functions, ( )
the problem can be formulated as a multiobjective optimisation problem:
In most cases, the objective functions are in conflict, so reduction of one objective function leads to the increase in another. Here the objective functions are to keep the four gasifier outputs, gasifier inputs, and input rates within specified limits. The control parameters are tuned using the multiobjective optimisation procedure "fminimax" which is part of the MATLAB  Optimisation Toolbox [6] . This function will adjust the controller parameters to minimise the largest constraint violation of the twelve objective functions.
As an example, the results of satisfying the objective function for the output (Equations (2) and (6)) at 0% load with a sinewave pressure disturbance can be seen in Figure 2 . Here, the objective function has to be less than or equal to one (see Equations (5) and (6)). 
Optimisation Results
The optimisation criteria were satisfied at 100% and 50% load, without the need to re-tune the baseline controller parameters.
As shown in Figure 1 , the performance criteria were not satisfied at 0% load with a sine-wave pressure disturbance. The controller parameters were then re-tuned to satisfy the twelve objective functions (to satisfy Equations (2) to (6)). The baseline controller parameters and the new optimised controller parameters are given in The results for the gasifier pressure disturbance tests at 0% load are shown in Tables 3 and 4 ( where the values in brackets show the limits for the test), and in Figures 3 to 8 . The controller was also tested using the same parameters at 100% and 50% load, the specifications were met, but the results are not shown here. Further tests were also done to check the stability of the model, running the simulation for 50,000 seconds. No constraint violations were observed. 
Load Change Tests
This test is used to drive the plant through a number of operating points, which ensures that the controller functions over a range of operation. The system is started at 50% load and ramped up to 100% load (at 5% per minute).
The MASS moves away from steady state while the load is ramped up, then returns slowly to the set point (in approximately 8000 seconds). Unlike the other outputs MASS does not vary with the load, the objective is to keep the level constant. While the load is ramped there is a step change in the Coal Input (WCOL) (this stays at its maximum of 10kg/s), which causes char extraction (WCHR) to quickly hit its limit. Overall, there is an increase in MASS level (more coal input than char extracted). When the ramp is complete, the char extraction flow decreases back to the set point, and the coal feed also reduces.
Model Error Tests
In this test, the quality of the coal fed into the gasifier is changed (in the range of nominal value ±18%). The worse the coal quality (when it is less than 6%) the faster the MASS level increases, and moves away from steady state. This may be due to poor quality coal having more impurities, burning less efficiently and creating more ash. As the coal quality increases further (improves from -6% to 0%) the MASS stays constant. As the coal quality increases (improves from 0% to 7%) the TGAS response stays reasonably constant. As the coal quality increases further (improves from 8% to 18%) the load response moves away from steady state. The better the coal quality (>=8%) the faster TGAS increases, and moves away from the steady state value. The converse may be true here; better quality burns more efficiently and the output has a higher temperature. The further the coal quality from the nominal value, the faster the constraints (on MASS or TGAS) are exceeded.
Improving the Baseline Controller Performance
The existing controllers (CV PI, Mass P, Pressure PI, and Temp PI) are all fixed to their baseline parameters (see Table  2 ). To improve the performance, by reducing the fluctuation of the output (due to a sine-wave pressure disturbance), twelve proportional controllers are added in the other twelve I/O positions (denoted by "0" in Table 1 ). Initially twelve controllers would be added, then the number could be reduced by removing the controllers that have the smallest effect on the output, while maintaining similar control performance (although this has not been done in this work). It was felt that this strategy would be simpler than starting from a single controller and then adding further P controllers. This method again uses a multiobjective optimisation strategy to tune the twelve proportional controllers to minimise the Integral for the twelve P controllers. The objective function will then try to minimise the worst-case error value using a minimax strategy (see Section 2.1 for details):
The twelve controllers are added to the baseline controller structure (see Table 1 ), and the parameters optimised (from an initial value of zero using the performance criteria (Equations (7) to (9)). The changes in the ISE for the sine-wave pressure disturbance are shown in Table 5 The optimised controller gains for the twelve P controllers are shown in Table 7 . The gasification process, like all chemical processes is a mass balance. Coal fed into the gasifier (WCOL) burns and forms ash (or char). This char is added to the bedmass (MASS) at the bottom of the gasifier. The level of the bedmass is kept constant by a char extraction system (WCHR). When the level of fluctuation of the bedmass and char is decreasing (as shown in Table 5 ) then the coal feed increases to keep the bedmass within its constraints of ±500 kg (to balance the decrease in fluctuation of char and mass).
Trying the same strategy on 50% load and 0% load made the performance worse, so the results are not shown here.
Conclusions
The ALSTOM Baseline Controller has been optimised using a multiobjective optimisation method. This method allows the simultaneous tuning of all the eight controller parameters, to fulfil both output and control performance criteria. The challenge specifications were formulated as an optimisation objective function and then solved using the minimax method (minimise the worst case error criteria). The new controller parameters now fulfil all of the performance criteria (the original controller did not satisfy the sine-wave pressure disturbance at 0% load). The optimised controller was then tested at 100%, 50% and 0% loads to ensure robustness and met all of the requirements for the pressure disturbance tests at the three different loads. Tests were also run for the load change and model error tests as issued in the challenge. As well as meeting the requirements for the Gasifier Benchmark challenge using the ALSTOM Baseline Controller, the level of fluctuation from a sine-wave pressure disturbance (PSINK) can be reduced by the addition of twelve extra proportional controllers. These are then tuned simultaneously, again using a minimax multiobjective optimisation method. It has been found that the performance is improved at 100% load. The implementation of this multiobjective optimisation strategy took approximately two months. Further work may also be done to improve the performance with the addition of PI or PID (Proportional, Integral and Derivative) controllers, rather than just P controllers. Also it may be possible to reduce the number of controllers from twelve and still improve performance (i.e., some control combinations may not be physically possible in practice).
